I. INTRODUCTION
Metal oxides and fluorides are used in myriads of applications, such as electronics, energy storage, and metallurgy, and in industrial processes, such as the production of glasses, ceramics, and lubricants. 1 The closeness in size and atomic number of the O 2− and F − anions provides a bridge from fluorides to oxides, and the properties of fluorides can often be altered or improved by oxygen-fluorine substitutions.
The possibility of altering the physical properties of a transition-metal oxide or fluoride through oxygen-fluorine substitution motivates much of the interest in transition metal oxyfluorides. For example, in the field of Li-ion batteries, iron oxyfluorides have been recently characterized as highcapacity positive-electrode materials. 2 The FeO x F 2−x positiveelectrode materials presented higher average voltages and better cycling than their unsubstituted FeF 2 counterparts. This paper focuses on the impact of oxygen substitution into FeF 2 in the 0 < x 1 range for x in FeO x F 2−x . FeF 2 possesses a tetragonal structure with space-group symmetry P 4 2 /mnm (136); this rutile-type structure is composed of a hexagonalclose-packed (hcp) anion lattice with cations occupying half of the octahedral sites. The unit cell of FeF 2 is shown in Fig. 1(a) .
FeOF is traditionally synthesized through a solid-state reaction of FeF 3 and Fe 2 O 3 in an argon atmosphere at 950
• C. [3] [4] [5] [6] The solid-state synthesis of FeO x F 2−x (0 < x < 1) solutions can be achieved by using FeF 2 and FeOF as precursors at 850
• C. 7 Solid solutions are achievable for 0 < x 0.08 and 0.71 x 1, and a miscibility gap is observed for the 0.08 < x < 0.71 range. X-ray diffraction experiments revealed that the FeO x F 2−x structures maintain the FeF 2 rutile framework and the O and F atoms are distributed on the 4f sites but were unable to establish any O/F ordering. 3, 8 Mössbauer studies later revealed the octahedral environment of the Fe atom in FeOF is consistently composed of three O 2− and three F − anions, and the Fe atoms have an antiferromagnetic (AFM) ordering. 4, 5 Electron diffraction experiments have shown evidence of an off-center shift of the Fe atoms, suggesting an ordering of the O and F anions in the (110) and (110) planes with no correlation from one plane to the next. 6 Recently, the synthesis of FeO x F 2−x solid solutions (0.3 x 1) has been achieved through a low-temperature solution process involving iron metal and a fluorosilic acid aqueous solution. 2 The FeO x F 2−x powders obtained using this process have grain sizes on the order of 20 nm. Their structures were characterized through x-ray diffraction, confirming the FeF 2 rutile framework is maintained, but the O/F ordering was not investigated. The FeO x F 2−x powders were used as positiveelectrode materials in a Li-ion electrochemical cell. Ex situ x-ray diffraction studies of lithiated oxyfluorides suggested the presence of Li insertion into the FeO x F 2−x grains without a significant change in lattice type for Li y Fe x O 2−x , 0 < y 0.5. For y > 0.5 other peaks appeared in the x-ray diffraction patterns, indicating the conversion to new crystal structures.
In this paper, the structural stability, anion distribution, and electronic structure of FeO x F 2−x are studied using density functional theory with a Hubbard U correction (DFT + U ). The most stable FeOF structure is then used for lithiation studies using DFT + U .
II. METHODS

A. Computational methods
Density functional theory calculations in the general gradient approximation with a Hubbard U correction (GGA + U ) were performed. The rotationally invariant, 9 spherically averaged 10 formulation for the Hubbard correction was adopted.
Projector augmented wave (PAW) 11 pseudopotentials included in the VIENNA AB-INITIO SIMULATION PACKAGE (VASP 5.2.2) were used with the Perdew-Burke-Ernzerhof (PBE) functional. 12 In structures containing Fe and O or F, a value of U = 4.0 eV was used for Fe, which was obtained from fitting to experimental iron oxide formation energies. 13 Spin-polarized total-energy calculations and structure relaxations were performed with VASP using a 500-eV energy cutoff and appropriate k-point meshes to obtain a convergence of better than 10 meV per formula unit. Structural relaxations were performed to a tolerance of 2×10 −4 eV/atom in the total energy. As in previous DFT studies of iron fluorides, 14 iron atoms were initialized in high-spin ferromagnetic (FM) orderings for simplicity. Table I for crystal structure details. Rendered using VESTA. 15 Results for the analysis of the electronic structure were obtained from static calculations using previously relaxed coordinates. The k-point density was doubled, and no smearing was performed on band occupancies.
III. RESULTS
A. The FeO x F 2−x phase diagram
The FeF 2 structure was taken as the basic lattice for the creation of FeO x F 2−x structures. Using an enumeration technique similar to the one proposed by Hart et al., 16 structures were generated for 0 x 1.
Ewald sums based on atomic charges O 2− , F − , and Fe (x+2)+ were calculated for every generated structure. 17 At each discrete composition, the 20 structures yielding the lowest Ewald sums were chosen for further analysis using GGA + U .
In addition, a second set of structures with different O/F orderings were used for GGA + U calculations at the exact FeOF composition. Electron diffraction experiments on FeOF have shown evidence of a shift of the Fe atoms away from the octahedral center. This shift was suggested to be caused by the difference in Fe-O and Fe-F bond lengths and an ordering of the O and F anions in the (110) and (110) planes with no correlation from one plane to the next. 6 All the possible O/F orderings which satisfy this condition were attempted in supercells of up to 3 × 3 × 1. Figure 2 shows the formation energy of the FeO x F 2−x structures in the FeF 2 rutile framework as a function of oxygen content. The formation energy is expressed in terms of eV/anion and is defined as
where E is the energy calculated using GGA + U and 0 x 1. The range is limited to 0 x 1 because structures with x > 1 have yet to be synthesized and the expression of the formation energy with FeOF as an end-member facilitates the analysis. Figure 2 decreasing with increasing O content. The c axis contributes the most to the change in volume, evolving from c(x = 0.0) = 3.308Å to c(x = 1.0) = 3.044Å. 7 In a recent x-ray diffraction and electrochemical study of FeO x F 2−x , the authors used the c parameter to determine the oxygen content of their structures.
2 Figure 3 shows the volume per atom with GGA + U for the FeO x F 2−x structures compared to the experimental results. Good agreement is found in terms of the decrease in volume with increasing oxygen content; however, the computational results are consistently greater than experiment by approximately 4%. This overestimation is very close to the median volume overestimation of 3% obtained when using GGA on a very large data set.
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B. Oxygen-fluorine ordering in FeOF
The difference in length of the shorter Fe-O and the longer Fe-F bonds has been identified as the driving force for O and F orderings. 6 The O/F sites form an octahedron around the Fe atom. When O and F atoms are found in opposite corners of the octahedron, the Fe atom can relax towards the O atom. which are composed solely of O atoms, of F atoms, or of half O and half F. This arrangement allows the Fe atoms to relax towards the O atoms, with average Fe-O and Fe-F bond lengths of 1.93 and 2.12Å, respectively. At the same time, this O/F ordering allows the O channels to be 6% wider than the F channels. The lowest-energy FeOF structure belongs to the P 4 2 /m space group, and its crystallographic information is listed in Table I . . GGA + U is known to generally underestimate band gaps; however, the evolution of the band gap with oxygen content should be representative of what is obtained experimentally.
D. Lithiation of FeOF
The rutile structure provides suitable lithiation sites along the [001] channels formed by the anions and two off-channel tetrahedral sites described in more detail below. Previous theoretical and experimental studies of rutile LiTiO 2 have shown the sites found along the [001] channels to be significantly more energetically favorable. 21 In the primitive cell of the P 4 2 /mnm (136) rutile phase, the [001] channels offer lithiation sites found at Wyckoff positions 4c and 4d, which respectively yield octahedral and tetrahedral anion environments. Along a given channel, neighboring tetrahedral and octahedral sites cannot be simultaneously occupied.
The lowest-energy FeOF structure, detailed in Table I , was chosen for the study of Li insertion. In this structure with P 4 2 /m (84) symmetry, the anion channels could hold Li atoms in the octahedral 2a, 2b, 2c, and 2d sites or the tetrahedral 2e, 2f , and 4i (z = 
Stability of lithiation sites
In order to first assess the most likely initial lithiation site, the total energy was calculated for the addition of a single Li atom in a 2 × 2 × 2 supercell of FeOF in each of the possible sites, corresponding to a lithiation level of Li 1/32 FeOF. 21 because they are either nearly 1 eV less favorable than the most favorable site or unstable.
In order to verify the electrostatic argument, purely electrostatic interactions were calculated through Ewald summations using the PYMATGEN (PYTHON MATERIALS GENOMICS) library. 17, 22 Oxidation states of Li + , Fe 3+ , O 2− , and F − were initially assigned. The electron donated by Li was assumed to be evenly distributed to the nearest-neighbor Fe atoms in order to maintain charge neutrality. Ewald sums were performed on the final relaxed structures obtained from DFT. The stability order of the lithiation sites obtained with electrostatics is the same as with DFT with the exception of the 2d site, which became the most stable. As a result, all the sites in the mixed O/F channels were most favored, followed by the F channels, the O channels, and, finally, the off-channel sites. Electrostatic interactions are therefore sufficient for predicting the stability order of lithiation sites when using DFT-relaxed structures.
Lithiation orderings
In order to study the lithiation of FeOF, Li orderings were attempted for y in Li y FeOF (y = 0.25, 0.5, 0.75, 1). For a given Li ordering, all the lithiation sites were within anion channels and were either all tetrahedral or all octahedral. All the possible Li orderings respecting this criteria were attempted in the primitive cell and the 1 × 1 × 2 supercell for octahedral sites and only the primitive cell for tetrahedral sites. ). Bonds were drawn with a cutoff of 2.4Å to highlight the separation between Fe and F atoms along the occupied channels. Figure 7 shows that for y = 0.75 all O/F and F channels are now fully occupied, while the O channels remain vacant. In this primitive cell, Li Table III shows the average nearest-neighbor Fe-F and Fe-O bond lengths for the lowest-energy lithiated structures. The average Fe-F bond length is seen to increase significantly more than the average Fe-O bond length, highlighting the migration of the Fe away from the F and towards the O as lithiation progresses. While the Fe-F average bond length is seen to decrease when going from y = 0.75 to y = 1, this structure is highly unstable compared to other stable phases, as will be discussed later.
IV. DISCUSSION
A. FeO x F 2−x and FeOF
Oxygen can be experimentally substituted into the FeF 2 rutile structure to create FeO x F 2−x rutile oxyfluorides. [2] [3] [4] [5] [6] As x increases, the structural and electronic properties of the oxyfluorides change.
Using DFT + U , the energies of over 500 FeO x F 2−x structures were calculated in order to establish the relationship between phase stability and oxygen content. The results were in good agreement with experiment, showing the FeOF structure is considerably more stable than compositions with different O/F ratios. While we find that a mix of FeF 3 and Fe 2 O 3 has lower energy than FeOF, a simple-solution entropy model shows that entropy contributions stemming from O and F configurational disorder could bridge the small gap in energy between FeOF and FeF 3 + Fe 2 O 3 , possibly indicating the solid-state synthesis of FeOF is entropy stabilized.
The stability of the FeOF structure compared to other O/F ratios stems from the octahedral geometry of the anion environment around the Fe cations and the difference in length between the shorter Fe-O bond and the longer Fe-F bond. Indeed, when oxygen and fluorine are present in equal quantities, the octahedral environment allows the O and F anions to be distributed in such a way as to let the Fe cation shift off center to relax the Fe-O and Fe-F bonds. At the same time the rutile geometry permits every octahedron to be similarly occupied by O and F anions, leading to Fe cations that are all in an equivalent 3+ state and octahedra of constant size. Indeed, a mismatch in octahedral volumes can lead to a loss of stability. For example, the least stable structure of Fig. 4 found at x = 0.5 has two octahedra with mixed O/F sites, one octahedron with only O sites, and another with only F sites.
The mismatch in volumes between the larger FeF 6 octahedron and the smaller FeO 6 octahedron strains the bonding and leads to a loss of stability.
The GGA + U calculations confirm the findings of Brink et al. 6 regarding the O/F orderings. The suggested orderings of O and F atoms in the (110) and (110) indeed yield the lowest energies. However, a wider exploration of the O/F orderings shows that orderings that are different from those suggested by Brink et al. can be within 20 meV/anion of the lowestenergy orderings, roughly corresponding to the thermal energy available at room temperature (k B T ).
When using a low-temperature synthesis route leading to a 20-nm grain size, Pereira et al. were able to obtain solid solutions from x = 0.3 to x = 1 in FeO x F 1−x , 2 unlike Brink et al., who observed a miscibility gap when employing a high-temperature solid-state synthesis route. 6 As one would normally expect higher temperatures to lead to more solid solution, it is possible that either Pereira et al.'s or Brink et al.'s samples are not fully equilibrated. An alternative explanation is that the relative penalty for creating a two-phase interface in the nanoparticles is too high, as, for example, has been shown to be the case in nanosized LiFePO 4 .
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Oxygen substitution into FeF 2 has a large effect on the electronic structure; indeed, the material transitions from a MottHubbard insulator to a charge-transfer semiconductor. In Fig. 5 indicates, the band gap reduction is already significant for low amounts of oxygen, which is encouraging from the standpoint of preparing more conductive oxygen-doped fluoride electrode materials.
B. Lithiation of FeOF
In a recent study of Our lithiation studies demonstrate that anion channels are likely lithiated in the sequence mixed channels, F channels, and, finally, O channels. The mixed O/F channels offer the most stable lithiation sites due to a combination of decreased 25, 26 This approach is known to yield results in excellent agreement with experiment for Si-and Sn-based Li-ion 28, 29 or Na-ion 30 alloy anodes. The Li-Fe-O-F phase diagram can therefore allow us to obtain a voltage profile stemming from the conversion path. However, the Materials Project uses U = 5.3 for Fe as opposed to the U = 4 used here. 19 In order to allow direct comparison of results, all phases in the Li-Fe-O-F phase diagram were obtained using the Materials Project REST API, 22 and their total energies were recalculated using the methodology described above in Sec. II A. LiFeO 2 + LiF. Here LiFeO 2 refers to the γ -LiFeO 2 polymorph with space group I 4 1 /amd (141). Note that the experimental data were obtained from an 85 wt % iron oxyfluoride, 15 wt % activated carbon nanocomposite. 2 The capacity in Fig. 8 was calculated assuming the activated carbon was inactive and may therefore be slightly overestimated.
In order to illustrate the energetics of the Li orderings in intercalated FeOF, the energies of the Li y FeOF structures are plotted in Fig. 9 in terms of the FeOF and LiFeO 2 + LiF end-members, which define the equilibrium tie line in the phase diagram along this composition axis and approximately correspond to the phases that are experimentally observed before and after lithiation, as discussed below. Previous studies have shown that the equilibrium phases can typically only be used as guides for conversion reactions involving oxides and fluorides because of size and kinetic effects. 14, 31 In their study of the conversion reactions of iron fluorides with Li, Doe et al. were able to improve their agreement with experiment by taking into account the 1.0168 eV per Fe atom cohesive energy penalty resulting from 1-nm-sized Fe particles. Recent scanning transmission electron microscope (STEM) studies of lithiated iron oxyfluorides have confirmed the presence of nanoscale Fe regions at full lithiation.
32 Figure 9 therefore also shows the formation energy of the end-member when taking into account the energy penalty for nanosized Fe.
Both Figs. 8 and 9 indicate that the stable phases at all levels of lithiation are "conversion phases", though the energy difference with Li-intercalated FeOF phases is small. Given that the kinetic barriers to conversion reactions (nucleation) are much larger than for intercalation (diffusion), it seems reasonable to assume that the system does intercalate lithium to a certain extent before it converts, which is indeed what is seen in experiments. 2 From the comparison between the calculated and experimentally measured potentials in Fig. 8 and the relative energy plot in Fig. 9 , one may be able to get an indication of how FeOF lithiates and converts. LiFeO 2 + LiF only becomes an equilibrium phase for y > 0.5; note also from Fig. 9 that there are no stable intercalated states between y = 0.5 and y = 1, as the energy of the state with y = 0.75 is above the tie line that connects the y = 0.5 and y = 1 states. This indicates that metastable intercalation of Li y FeOF for y > 0.5 would likely proceed as a two-phase reaction, forming LiFeOF as soon as y > 0.5, neglecting the small amount of Li excess that may exist in Li 0.5 FeOF. However, our calculations indicate that this LiFeOF is sufficiently unstable with respect to decomposition into Fe, LiF, and LiFeO 2 to allow for the creation of nanosized Fe. We will comment on these decomposition products later as they are not exactly what is seen experimentally.
Hence, our hypothesis for the reaction mechanism of FeOF with lithiation is as follows: FeOF takes up lithium through intercalation in a homogeneous solid solution-type reaction up to about Li 0.5 FeOF. At that point, further Li uptake is through a two-phase intercalation reaction to LiFeOF, with the LiFeOF product rapidly decomposing to LiF, Fe, and a third Li-Fe-O phase. Note that at least the first part of this statement is in agreement with experiments where stable intercalation is seen up to Li 0.5 FeOF. In our proposed mechanism, intercalated LiFeOF forms through a two-phase reaction from Li 0.5 FeOF and then rapidly decomposes; hence no intercalation past y > 0.5 would be observed. Because metastable LiFeOF and its decomposition products would form immediately for y > 0.5 (due to the two-phase nature of the intercalation reaction), conversion products would be seen as soon as y > 0. 5 .
Conversion of metastable LiFeOF should be fairly easy. Because the material has a Li/F ratio of 1, LiF can form on a very small scale as no long-range diffusion is required. This transformation can therefore occur faster than if transforming between phases with different compositions. Indeed Fig. 7 and Table III show that the local structure evolution with Li intercalation is consistent with the eventual formation of LiF and LiFeO 2 . The Fe atoms are seen abandoning the F atoms in favor of the O atoms as the Li content increases.
This reaction hypothesis leaves unanswered what the precise nature of the conversion products of LiFeOF is. Pereira et al. 2 observed LiF, Fe, and a rock-salt-like phase of approximate composition Li 1.7 Fe 2 O 3 , with the main diffraction peaks at 37
• , 43
• , and 62.3
• in 2θ . Our suggestion of the γ -LiFeO 2 polymorph is based on the stable phases present in the Materials Project and is likely to miss defect phases that form as part of the conversion process. However, the distinction between Pereira's phase and γ -LiFeO 2 may not be that large. The main x-ray diffraction peaks of γ -LiFeO 2 are 37.97
• , 41.23
• , 44.67
• , and 62.40
• . Also, its cation-disordered polymorph α-LiFeO 2 (F m3m) 33 has main peaks at 37.45
• ,
43.59
• , and 63.29
• , which is in good agreement with the observed values given the broadness of the experimental peaks and gives further support for the presence of a rock-salt-type structure.
The DFT energies, the experimental capacity, and the experimental diffraction peaks lend support to the presence of LiFeO 2 at the end of lithiation. Recently, extensive experimental studies were performed on lithiated FeO 0.7 F 1.3 .
32 Electron-energy-loss spectroscopy (EELS) and STEM measurements allowed the authors to establish the presence of Fe + Li x Fe n+ O y F z + LiF at 1.5 V, where n = 2.3. Assuming a phase ratio identical to the one predicted with the Materials Project, the phases obtained would be 1 2 Fe + Finally, the effect of O substitution on Li diffusion barriers in the anion channels has not been studied in this paper, though it is likely to be substantial. Recent studies of Li diffusion in tavorite structures showed that the valence of both the anion and the metal cation had a large impact on the diffusion barriers. 34 Careful study of diffusion barriers in FeOF and in oxyfluorides in general may provide guidance for the design of conversion materials.
V. CONCLUSION
First-principles studies of iron oxyfluorides in the FeF 2 rutile framework (FeO x F 2−x , 0 x 1) were performed. Studies of O/F orderings reveal FeOF to be particularly stable compared to other FeO x F 2−x (x = 1) structures. The high temperature required for the experimental solid-state synthesis of FeOF and the energy difference with respect to decomposition products (FeF 3 , Fe 2 O 3 ) suggests that FeOF may be entropy stabilized. GGA + U calculations are also used to study the electronic structure as a function of oxygen content, revealing a shrinking of the band gap as oxygen is substituted into FeF 2 . The GGA + U electronic structure evolves from that of a Mott-Hubbard insulator (x = 0) to a charge transfer semiconductor (x = 1).
Lithiation studies reveal that lithiation sites offering mixed O/F environments are the most stable. We speculate that homogeneous intercalation occurs up to Li 0.5 FeOF, followed by formation of LiFeOF through a two-phase reaction from Li 0.5 FeOF, with LiFeOF rapidly decomposing into LiF, Fe, and another Li-Fe-O phase.
